We present here the first comparative analysis at the population level between Restriction Fragment Length Polymorphism (RFLP) and control region sequence polymorphism in a large and homogeneous Senegalese Mandenka sample. Eleven RFLP haplotypes and 60 different sequences are found in 1 19 individuals, revealing that a very high level of mtDNA diversity can be maintained in a small population. A sequence neighbor-joining tree and an analysis of molecular variance show that sequences associated with a given restriction haplotype are evolutionarily highly correlated: sequencing generally leads to the subtyping of RFLP haplotypes. Evolutionary relationships among RFLP haplotypes inferred from restriction site differences are in good agreement with those inferred from sequence data. A single difference is observed and is likely due to a single restriction homoplasy having occurred in the control region. Selective neutrality tests on both RFLP and sequence data accept the hypotheses of mtDNA neutrality and population equilibrium.
Introduction
Mitochondrial DNA (mtDNA) has been extensively used in human population genetics studies, at either the RFLP or sequence level (Brown 1980; Cann et al. 1987; Excoffier and Langaney 1989; Di Rienzo and Wilson 199 1; Merriwether et al. 199 1; Vigilant et al. 199 1; Ward et al. 199 1; Templeton 1993) , due to its simple mode of transmission avoiding recombination (Giles et al. 1980 ) and high mutation rate (Brown et al. 1982) . Phylogenetic relationships among mtDNA haplotypes obtained from both RFLP and control region sequence studies have been taken as evidence for an African origin of modern humans (Cann et al. 1987; Vigilant et al. 199 1) . These data have since been the object of a complex methodological debate (Excoffier and Langaney 1989; Excoffier 1990; Maddison 199 1; Hedges et al. 1992; Maddison et al. 1992; Templeton 1992) , mainly showing the difficulty of inferring, with statistical significance, a geographic origin from molecular data. However, the fact that some of the sampled African mtDNA lineages are extremely divergent re- (Cann et al. 1987: Horai and Hayasaka 1990; Vigilant et al. 199 1 ) . Under the hypotheses of selective neutrality and population equilibrium, this implies that the longer African mitochondrial lineages should be considered older than those found in Eurasian populations, without necessarily meaning that African populations are themselves older than Eurasian populations. However, these underlying hypotheses have been shown not to be always verified ( Excoffier 1990; Di Rienzo and Wilson 199 I ; Merriwether et al. 199 1; Slatkin and Hudson 199 1: Rogers and H arpending 1992; Harpending et al. 1993) , and sub-Saharan African mtDNA diversity is still largely unknown as it has been studied only from a few samples analyzed for RFLPs (Johnson et al. 1983; Scozzari et al. 1988 Scozzari et al. , 1994 Soodyall ancl Jenkins 1992 Ritte et al. 1993 ) or control region sequence polymorphism ( Vigilant et al. 1989, 199 1 ) . The relationship between these two data sets has been addressed by comparing RFLPs and control region sequences in only a few individuals drawn from different populations (Torroni et al. 1993~; 1993h) ; it has never been studied at the population level in Africa or elsewhere. Although bearing on the same molecule, RFLP haplotypes and control region sequence polymorphisms do not necessarily provide identical information on the evolution of the mitochondrial genome: RFLP studies survey the polymorphism of restriction sites disseminated around the whole mtDNA molecule but mainly in coding regions, whereas the control region is noncoding and apparently evolves 10 times faster than the rest of the mitochondrial genome (Vigilant et al. 199 1) . It therefore appears important
to know to what extent the results obtained from the study of the large data set available for mtDNA RFLPs can be extended to sequence data.
In order to increase our knowledge of West African mtDNA variability and to define the compatibility between mtDNA RFLPs and sequence data, we present the first comparative analysis of both RFLP and control region polymorphisms in a large population sample of 119 Senegalese Mandenkalu.
The evolutionary congruence between these two types of data is examined by inferring phylogenetic relationships among DNA sequences, as well as by analyses of sequence variability among RFLP haplotypes. The time scale necessary to create Mandenka's diversity is estimated from the observed nucleotide diversity. The implications of the results are discussed in the view of the evolution of mtDNA in West Africa.
Material and Methods

Population Sample
The Senegalese Niokolo Mandenka population is located in Eastern Senegal ( N 12.40, W 12.05 ) and counts approximately 3,000 individuals speaking a language belonging to the large Mande branch of the NigerKordofanian language family. More details on the population can be found elsewhere (Blanc et al. 1990 ). Blood samples were collected from 205 individuals as described previously (Tiercy et al. 1992) . Using genealogical information, 1 19 maternally unrelated individuals were chosen from the available panel.
Restriction and Sequence Analyses
Total DNA from lymphoblastoid B cell lines was prepared by standard phenol-chloroform extraction and ethanol precipitation.
Restriction analyses, Southern blotting, and mapping were performed on 6-12 pg of total DNA, as described previously (Denaro et al. 198 1; Blanc et al. 1983; Johnson et al. 1983) . Restriction enzymes Hpal, BamHI and Hincll (Boehringer Mannheim), as well as Avall, Haell, and Mspl (New England Biolabs), were used according to the supplier's recommendations.
The Cambridge sequence (Anderson et al. 198 1) was used to infer restriction site locations. Five hundred nanograms of total DNA were used for the amplification of the control region using primers L15897 ( 5 '-TCAAATGGGCCTGTCCTTGTAG-3 ') and H580 ( 5 '-TTGAGGAGGTAAGCTACATA-3 ') . H and L refer to the heavy and light strand, respectively, while numbers identify the primer 3'-end according to the Cambridge sequence (Anderson et al. 198 1) . Each polymerase chain reaction was performed in a 50-~1 reaction volume using one of the 5'-phosphorylated primers. The amplification products were purified with polyethylene glycol ( 1 h in ice with two volumes of PEG 20%, 2.5-M NaCl; spun 5' at 13,000 rpm, and the pellet washed twice with 70% ethanol). Single-stranded DNA was generated by h exonuclease (Gibco BRL) digestion of the phosphorylated strand, before a new round of purification as described above. Primers L 15996 ( 5 '-CTCCACCAT-TAGCACCCAAAGC-3 ') and H 1640 1 ( 5 '-TGATTT-CACGGAGGATGGTG-3 ') , and primers L 165 52 ( 5 '-AATAGCCCACACGTTCCCCTTA-3 ') and H408 ( 5 '-CTGTTAAAAGTGCATACCGCCA-3 ') have been used for the sequencing of control region hypervariable regions I and II, respectively. The single-strand sequencing reactions were carried out with Sequenase sequencing kit (U.S. Biochemical).
The annealing step was performed at 60°C for 30'; other steps were performed according to the supplier's recommendations. Reaction products were separated by electrophoresis through 6% polyacrylamide denaturing gels with wedge spacers ( Biorad).
Gels were fixed in 10% acetic acid/ 10% ethanol for 20 min, dried and then exposed to film for 12-72 h.
Statistical Analyses
Evolutionary relationships among DNA sequences were examined by building a neighbor-joining tree (Saitou and Nei 1987) whose robustness was assessed by 1,000 bootstrap runs, using the program MEGA (Kumar et al. 1993 ) . As the average divergence between pairs of sequences was low, the elements of the input distance matrix consisted of the observed number of nucleotide substitutions between pairs of sequences, without correction for multiple substitutions.
The congruence between restriction site characters and the sequence tree topology was assessed by computing an ensemble retention index R (Farris 1989). Retention index may vary between zero and one, indicating, respectively, an absence of or a complete fit between characters states (informative restriction sites) and a particular tree topology (based on sequence data). The correlation between the inferred RFLP and control region sequence evolutionary processes was estimated by computing the product moment correlation between matrices of observed pairwise restriction site differences and pairwise nucleotide substitution differences among all individuals.
The significance of this correlation was tested by the nonparametric Mantel permutation procedure (Mantel 1967; Smouse et al. 1986 ).
By analogy with population structure studies, we have tested the RFLP structure of control region sequences by a hierarchical analysis of molecular variance (AMOVA) fully described elsewhere (Excoffier et al. 1992) . This procedure consists in testing whether two random sequences associated with the same RFLP haplotype are more correlated than two random sequences drawn from the whole sample. The empirical null distribution of this correlation was obtained by associating the control region sequences of all individuals to random RFLP haplotypes, recomputing the random correlation, and repeating this process 1,000 times. Mandenka nucleotide diversity, 8 (Nei and Tajima 198 1 ), was estimated for the complete sequence data set, as well as for subsets of sequences (0, ), each associated with a particular (ith) RFLP haplotype defined on the basis of the six enzymes mentioned above. These estimates were obtained from the comparison of 564 nucleotides studied in all 119 individuals, after correction for multiple substitutions per site (Jukes and Cantor 1969) . Differences in nucleotide diversity levels between the Mandenka and other populations were also tested by a nonparametric permutation scheme. The empirical null distribution of the difference in nucleotide diversity levels was obtained by randomly permuting individual sequences across populations, recomputing each population diversity and its difference between populations, and repeating the permutation scheme 500 times. The probability of observing a difference in nucleotidic diversity between two populations larger than that observed was then recorded. The expectation E( ti ) and the variance I'( ti ) of the coalescence time of two random sequences associated with the ith haplotype are given by Tajima ( 1983) and were estimated by 1 +iZOi ii =Np.
where N is the inbreeding effective population size, and n is the total number of nucleotides surveyed. As noted by Templeton ( 1993) , the expectation of 8 is 2Np, p being the nucleotide substitution rate, such that equation ( 1) can be rewritten in terms of substitution rates, removing the dependency on effective population size, as
Tajima's ( 1989) test of selective neutrality was performed on both RFLP and control region sequence data. The testing procedure compares two estimates of the mutation parameter A4 = 2Nu, where u is the mutation rate at the restriction haplotype or sequence level. The first estimate of M is the mean number of site differences between two randomly chosen mtDNAs (i%?, =n6), and the other is a function of the number of polymorphic sites (S) in the sample of size m, obtained as &f2 = , ( 2 ye' i-l). The standardized statistic, defined as = (MI -M2) / VVar ( MI -M2) approximately follows beta distribution whose confidence intervals are foul in table 2 of Tajima's ( 1989) paper.
Results
RFLP Data
Using the six enzymes defined above, a total of RFLP haplotypes defined by 8 polymorphic restrictic sites are found among 119 sampled Mandenkalu.
The frequencies are tabulated in table 1. One new AVL morph has been found: morph AvaII-36 differs fro morph AvaII-1 by a transition A-G at position 8,6 1 which splits the 9,8-Kb band of the morph AvaII-1 in two new bands of 5.8 and 4.0 Kb. This substitution al changes the amino acid sequence (Ile+Val) of tl ATPase 6 gene. Two low-frequency haplotypes are d scribed for the first time: haplotype 207-2 may be derivl from haplotype 2-2, and haplotype 208-2 may be derivl from haplotype 7-2, both by single restriction site gai ( fig. 2 , below). The most frequent haplotypes are 2 (49.5%) and 7-2 (24.4%), which both have morph Hpc 3, a situation commonly found in West African pop lations (Scozzari et al. 1988) . Note that morph HpaI is the most common Hpal morph in sub-Saharan Afric It is seldom found outside Africa where morph HpaI is prevailing, although it can be found in the Meditt ranean area with low frequencies ( Santachiara-Bener cetti et al. 1988; Semino et al. 1989; Ritte et al. 1993 Haplotype l-2 associated with morph HpaI-2 is the ne figure 1 . Note that no RFLP information was used to build this tree. The RFLP haplotypes associated with each sequence have been added as a later step to check the consistency between tree topology and restriction haplotype information.
Note that control region sequence 28 is associated with haplotype 7-2 in one individual and with haplotype 13 l-2 in two individuals. All sequences associated with morph HpaI-3 (present in haplotypes 2-2,7-2, 13 l-2, are grouped within a single cluster branching from node A, without exception. All sequences associated with RFLP haplotype 2-2 are monophyletic (node B), with the exception of sequence 49. All sequences associated with haplotypes 7-2, 13 l-2, and 208-2 form a monophyletic group ( node C) as well. This is also true for sequences associated with haplotypes 2 l-2 and 52-2, whereas sequences associated with haplotype l-2 and 39-2 are paraphyletic. Bootstrap values for the main sequence clusters are shown in figure  1 and are generally low, implying that the topological association between sequences and RFLP haplotypes are due to a few polymorphic sites and are therefore not very robust. The ensemble retention index R for the eight polymorphic restriction sites on the neighbor-joining tree is as high as 0.94, indicative of a very good fit between restriction site segregation and tree topology. Actually, only three restriction site homoplasies are sufficient to explain the segregation of the informative restriction sites on the 60 sequences shown in figure 1 . The tight association between control region sequences and RFLP haplotypes is confirmed by a mere visual inspection of table 2, where control region sequences have been grouped according to their association with particular RFLP haplotypes. It can be seen that most sequences associated with a particular RFLP haplotype do share private mutations. The evolutionary homogeneity of the sequences associated with a given restriction haplotype is confirmed by the analysis of molecular variance. The molecular correlation between sequences associated to the same RFLP haplotype relative to the correlation between random sequences is as high as 0.593, a very significant value (P<O.OO 1). The correlation between the inferred evolutionary processes having led to the observed restriction site differences and the observed nucleotide differences between pairs of mtDNA molecules is highly significant (P<O.O02) although not very high (Y =0.45 ). Mean coalescence times of RFLP haplotypes deduced from their internal molecular diversity are shown in table 4. Haplotype 2-2 is found having the largest mean coalescence time (2:=70,333*25,7 10 yr), followed by haplotypes l-2 (^tt=65,587+24,827 yr) and 7-2 (3: =56,556+23,055 yr). The rarest haplotypes (2 l-2, 47-2, 66-2, 13 1-2, 207-2 and 208-2) seem to have appeared recently, less than 10,000 yr ago (2: =9,399*9,399 yr). Note that the mean coalescence time for all haplotypes associated with morph HpaI-2 is ;t = 66,321 + 24,965 yr, a value only slightly larger than that of haplotype 1-2, showing the relative homogeneity of all RFLP haplotypes associated with morph HpaI-2.
Discussion
Homogeneity of Sequences Associated with RFLP Haplotypes
The sequence neighbor-joining tree in figure 1 shows a tight relationship between mtDNA RFLP haplotype and control region sequence polymorphisms. RFLP information allows one to organize the tree into meaningful clusters of sequences associated with a given restriction haplotype. The fact that these clusters are often monophyletic (for haplotypes 2-2,7-2,2 l-2, and 52-2) suggests that there have been very few restriction site homoplasies involved in the definition of RFLP haplotypes, which is in keeping with the good ensemble retention index (R=0.94) of informative restriction sites on the sequence tree. Most sequences associated with a given RFLP haplotype thus have a common origin. The molecular homogeneity of control region sequences associated with a given haplotype is, however, not very robust, as attested by the low bootstrap levels at nodes defining restriction haplotypes.
The pattern of polymorphic sites shown in table 2 suggests that the low bootstrap levels are due to the relatively small number of common polymorphic sites involved in the differences between sequences associated with a given restriction haplotype. This situation is, however, quite expected for gene trees at the intrapopulation level (Crandall 1994) ) where the whole differentiation process is certainly not long enough to create large differences between sequences.
The analysis of molecular variance clearly shows that the grouping of sequences according to their association with RFLP haplotypes is highly significant. By reassigning 1,000 times the 119 individual sequences to random RFLP haplotypic groups, it has never been possible to obtain more homogeneous groups. It does not mean that such groups do not exist but that the RFLP haplotype criterion is an excellent way to organize the control region sequences. More homogeneous groupings could certainly be obtained by partitioning differently the sequences associated with morph HpaI-2 emerging from node D. Thus, the AMOVA does not strictly validate the sequence tree shown in figure 1 but underlines the molecular correlation between sequence belonging to the same restriction class (r=0.593) and confirms that there has been little acquisition of RFLP haplotypic specificity by homoplasy. Sequence 49 is. however, a possible exception, as well as sequences 19 and 20. The former is associated with haplotype 2-2 bul is very different from the bulk of sequences associated with this haplotype, whereas the latter two are also quite divergent from the other 7-2 associated sequences.
As a general mechanism, we find that the observed mutations in both hypervariable regions have occurred on preexisting RFLP frameworks and have led to the subtyping of the RFLP haplotypes. This phenomenon is analogous to the molecular subtyping of immunolog ical polymorphisms in HLA loci ( Angelini et al. 1986 1 and had already been described in a limited number oj Asian and Amerindian mtDNAs (Torroni et al. 1993b ), Only in one case do we have the reverse situation, in which RFLPs allow the subtyping of individuals that are identical for their control region: sequence 28 is indeed associated with both haplotypes 7-2 and 13 l-2. The cooccurring RFLP haplotypes differ in this case by a single restriction site, in keeping with the hypothesis of a recent mutation at a recognition site located outside the control region.
Relationships among RFLP Haplotypes According to Sequence Data
A possible reason explaining the difficulty in perfectly grouping sequences as a function of RFLP specificity lies in the fact that the different RFLP categories have not appeared simultaneously. Low-frequency RFLP haplotypes are likely to be derived from more ancient haplotypes. Thus, haplotypes 13 l-2 and 208-2 may be derived from 7-2 by single restriction changes. Haplotype 207-2 can derive from 2-2 also by a single restriction site change and haplotypes 2 l-2, 39-2, 47-2, 52-2 and 66-2 may all derive from l-2 by single restriction changes ( fig. 2 ). All these relationships are well with a given sequence or a cluster of sequences are indicated on the right of the tree in boldface. Bootstrap levels are reported at nodes defining the major clusters. Sequence 28 is associated with both RFLP haplotypes 7-2 and 13 I-2, whereas sequence 32 is only associated with haplotype 207-2.
supported by the sequence tree in figure 1 , where the striction data suggest a different relationship, as haploderived haplotypes are embedded among their putative type 7-2 differ from l-2 and 2-2 by single restriction site ancestors. Relationships among more frequent haplochanges ( fig. 2 ). In this case there is a clear discrepancy types are more difficult to establish, but inspection of between restriction and sequence data, and observed retable 2 and figure 1 strongly suggests that haplotype 2-striction differences do not seem to correctly depict the 2 is intermediate between haplotypes l-2 and 7-2. Reevolutionary process. This discrepancy could partly ex- ' ;: was computed using a substitution rate of 17.3% per million yr (Vigilant et al. 1991) for the control region, assuming humans and chimpanzees diverged 4 million yr ago.
b Haplotypes associated with morph HpaI-2 on the right from node D on fig. 1 . plain the relatively low correlation (r=0.45) between the number of restriction site and nucleotide differences between pairs of mtDNA molecules in the Mandenka population. A substitution at position 16,390 in an AvaII restriction site located in the control region (but not sequenced in this study) is responsible for the phenotypic difference between haplotypes 2-2 and 7-2. It is a likely candidate for an homoplasic event explaining the discrepancy between RFLP and sequence data, due to the high mutation rate and the transition bias observed in the control region ( Vigilant et al. 1989, 199 1) . Therefore, as it seems difficult to reevaluate by sequencing the phenotypic differences between all low-resolution RFLP haplotypes, evolutionary distances between RFLP haplotypes used for the study of population genetic structure could be probably more safely evaluated by setting aside the restriction sites found within noncoding regions. However, although the number of restriction site differences between different haplotypes is only partially correlated with their evolutionary distance, the fact that two mtDNA molecules share a common restriction pattern is a good indicator of a common ancestry. Additional studies would be necessary to check if identical RFLP patterns in different populations or different continents are also indicative of recent divergence.
Evolution of the Mandenka Population in Western Africa
The Niokolo Mandenka population presents a very high molecular diversity in the control region, with 60 different sequences found among 119 individuals, and a nucleotide diversity larger than those reported in other available population samples (table 3) . Although being denka population does not seem to have gone through a recent bottleneck. This is attested by several kinds of evidence. First, the fact that the neutrality hypothesis is accepted in both cases supports not only the selective neutrality of the mitochondrial genome in the Mandenka population but also the population mutation-drift The deep coalescence times of some restriction haplotypes (more than 50,000 yr) confirm that the inferred mtDNA differentiation process has certainly not occurred solely within the recently established Niokolo Mandenka population but that, by studying this population,
we have observed a sample of the global differentiation process having occurred in this region of Western Africa.
There are thus strong evidences that the female population of Western Africa has not passed through a recent bottleneck, contrary to what has been postulated for European and continental Asian populations (Di Rienzo and Wilson 199 1; Rogers and Harpending 1992; Barbujani and Pilastro 1993; Harpending et al. 1993 ). The differences in African and non-African diversity levels should thus not necessarily be interpreted as differences in population age, which under equal mumtDNA Sequence Evolution in Senegal 343 tation rate, neutrality, and equilibrium, are primarily functions of inbreeding effective population size. Therefore, uneven lengths in regional evolutionary processes estimated from gene trees may strongly depend on unequal demographic histories. Nevertheless, the complex diversity pattern found in this large and homogeneous Niokolo Mandenka sample suggests that mtDNA sequence microdifferentiation studies should be helpful in reconstructing recent African history by tracing the spread of rare atypical variants (like sequences 2 1, 28, or 49) and identifying their origin.
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